Children. The Lifestyle of Our Kids Study
T he rising prevalence of obesity in childhood in the community 1 is associated with the premature development of cardiovascular (CV) risk factors such as dyslipidemia, 2 hypertension, 2 and insulin resistance. 3 In addition, there is emerging evidence that such obesity-related metabolic disease predicts the development of CV disease in adulthood. 4 A better understanding of the natural history of obesity-related CV disease may identify markers of subclinical arterial disease and CV risk, which could be used subsequently to target preventative measures at children at high risk before the development of overt CV disease.
The role of arterial stiffness in the development of CV disease is widely accepted. 5 Carotid-femoral pulse wave velocity (PWV), a noninvasive index of arterial stiffness, 6 is an independent predictor of CV mortality in the community. 7 Although the influence of obesity 8 and physical activity 9 on PWV has been documented in adults, there is limited information in healthy children. In particular, previous studies in children have assessed the relationship between adiposity and arterial stiffness using measures of peripheral arterial stiffness and have not accounted for the potential confounding effects of physical activity. 10, 11 In the present study, we evaluated the relationship among adiposity, physical activity, and PWV in community-based children. We hypothesized that the effects of adiposity and physical activity on arterial stiffness are independent of systemic blood pressure (BP) and heart rate.
Methods
The Lifestyle of Our Kids Study was approved by the human research ethics committees of Australian Capital Territory Health and the Australian National University. Recruitment methods for this community-based longitudinal study have been described previously. 12 In brief, the Lifestyle of Our Kids Study is a prospective cohort study designed to investigate the effect of physical activity on health and development. Participating children were recruited from local primary (elementary) schools in which average family income was very close to that of the Australian national average. In 2005, baseline assessments were performed on 830 grade 2 school children (7 to 8 years old) with subsequent biennial visits scheduled until age grade 6 (11 to 12 years old). Parents or guardians of all of the study subjects provided informed consent for the children to undergo the second wave of assessments at age 9 to 10 years (grade 4), which were conducted during 2007. A total of 615 healthy children underwent a CV examination. Children with a history of diabetes mellitus, hypertension, or evidence of CV disease were excluded from this study. Of the remaining children, 573 (mean age: 10.1 years; 51% boys) underwent a complete set of examinations and represent the study population.
Body weight and height were measured without shoes and in light clothing, and body mass index (BMI) was calculated. Waist circumference (WC), an index of total abdominal fat, was measured at the midpoint between the lower border of the rib cage and the iliac crest, at the narrowest section of the waist. Body fat was quantitated using dual-energy x-ray absorptiometry (DXA, Hologic Discovery QDR Series, Hologic Inc). Total body scans were analyzed using Hologic QDR System Software 12.4 to estimate percentage of body fat (%BF).
Cardiorespiratory fitness (CRF) and physical activity levels were assessed using a 20-m shuttle run and a 7-day AT pedometer count (New-Lifestyles, Lee's Summit), respectively, as described previously. 12 Supine brachial BP and heart rate were determined using an automated oscillometric Omron 7051T. The average of 2 measurements made at 1-minute intervals was recorded. PWV was assessed noninvasively using the Sphygmocor system (AtCor Medical). ECG-gated carotid and femoral waveforms were recorded using applanation tonometry. Carotid-femoral path length was measured as the difference between the surface distances joining 1) the suprasternal notch, the umbilicus, and the femoral pulse and 2) the suprasternal notch and the carotid pulse. Carotid-femoral transit time was estimated in 8 to 10 sequential femoral and carotid waveforms as the average time difference between the onset of the femoral and carotid waveforms. PWV was calculated as the carotid-femoral path length divided by the carotid-femoral transit time.
Blood samples were collected after an overnight fast to measure glucose, glycosylated hemoglobin, total cholesterol, high-density lipoprotein cholesterol (HDL), triglycerides, insulin level, and highsensitivity C-reactive protein. The insulin resistance index by homeostasis model assessment (HOMA-IR) was calculated from fasting plasma glucose and insulin levels with the following formula: HOMA-IRϭ[fasting insulin (IU/mL)ϫfasting glucose (mmol/L)/ 22.5] 13 Pubertal development was determined by Tanner stage, based on self-assessment of pubic hair development, breast stage in girls, and genitalia development in boys. 14, 15 
Statistical Analysis
Characteristics of the study population were compared according to tertiles of %BF using ANOVA. Univariable relationships between PWV and clinical/metabolic characteristics were assessed using Pearson's correlation and univariate linear regression. Independent associations between each adiposity parameter and PWV were assessed using a stepwise multivariable linear regression analysis. In the initial model (model 1), the relationship between adiposity parameters and PWV was assessed with adjustment for age, sex, systolic BP, mean arterial pressure, and heart rate. Extended models were used to assess whether the influence of adiposity on PWV was attenuated by the potential confounding effects of metabolic factors (model 2) or physical activity (model 3). Independent relationships between CRF and PWV and HOMA-IR and PWV were also assessed using a multivariable linear regression analysis, with initial adjust- hs-CRP indicates high-sensitivity C-reactive protein. Data are meansϮSD unless otherwise specified.
ment for age, sex, systolic BP, mean arterial pressure, and heart rate (model 1) and subsequent adjustment for BMI, WC, and %BF in extended models. All of the analyses were performed with SPSS software (Version 11.0 for Windows, SPSS Inc).
Results
Characteristics of the study population are described in Table  1 , stratified for tertiles of %BF. Higher %BF was associated with female sex, increased height, Tanner stage (genital/ breast), heart rate, BP, PWV, and metabolic-inflammatory markers, such as triglyceride, insulin, HOMA-IR, and highsensitivity C-reactive protein levels, as well as decreased HDL levels, pedometer counts, and CRF.
The results of univariate analysis of the relationship between clinical/metabolic variables and PWV are shown in Table 2 . BMI (rϭ0.34), WC (rϭ0.32), and %BF (rϭ0.32) ( Figure 1A ) were positively correlated with PWV (all PϽ0.001). CRF was negatively associated with PWV (rϭϪ0.23; PϽ0.001; Figure 1B ) and pedometer counts (rϭϪ0.08; Pϭ0.046). Metabolic parameters, such as lower HDL and higher triglyceride, fasting insulin, and HOMA-IR, were related to increased PWV (all PϽ0.01).
Percentage body fat was negatively correlated with CRF (rϭϪ0.58) and pedometer counts (rϭϪ0.26; PϽ0.0001 for both). In bivariate analysis, PWV increased according to increasing tertiles of %BF (PϽ0.0001) and decreasing tertiles of CRF (Pϭ0.054; Figure 2 ).
In multivariable analysis, BMI, WC, and %BF were associated with increased PWV after adjusting for age, sex, systolic BP, mean arterial pressure, and heart rate (model 1; Table 3 ; PϽ0.01 for all). The independent association between adiposity parameters and PWV was evident even after adjusting for metabolic factors (HDL, triglyceride, and HOMA-IR) or CRF (model 2 and model 3, respectively). The positive relationship between insulin resistance and PWV was attenuated by adjusting for body mass (␤ϭ0.016; Pϭ0.22), WC (␤ϭ0.020; Pϭ0.13), or %BF (␤ϭ0.022; Pϭ0.09).
In multivariable analysis of the association between CRF and arterial stiffness; CRF was associated with increased PWV after adjusting for age, sex, systolic BP, mean arterial pressure, and heart rate ( Table 3) . However, the association between CRF and PWV was attenuated when adjusted for adiposity.
Because increased abdominal girth has the potential to systematically bias the association between adiposity and PWV (ie, path length can be systematically overestimated in children with increased central adiposity), we evaluated the effect of BMI and %BF on PWV in bivariate models that included WC as an independent variable. BMI (␤ϭ0.057; PϽ0.001) and %BF (␤ϭ0.013; Pϭ0.002) were independently associated with PWV, after adjustment for WC. 
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The main findings from the present study of healthy children are that adiposity and decreased CRF were related to PWV, an index of arterial stiffness and marker of CV risk. These relationships were independent of clinical and metabolic factors, including systemic BP and heart rate. In addition, the influence of adiposity on PWV was independent of the potential intermediary effects of physical activity and CRF. There was evidence to suggest that CRF may be an effect modifier in the relationship between adiposity and arterial stiffness. Although the influence of obesity 8 and physical activity 9 on PWV has been reported in adults, the effect of body mass, adiposity, and physical activity on arterial stiffness has not been determined in healthy children. Our findings provide first evidence that an effect of adiposity and CRF on arterial stiffness exists (and is measurable by noninvasive methods) in prepubescent children who are otherwise healthy and have no known medical conditions that would promote premature CV disease, such as diabetes mellitus or hypertension. In a smaller study of one-hundred 10-year olds, radial-femoral PWV measured by optical method was related to fat energy percentage, period of breastfeeding, and physical activity but not associated with body fat. 10 In another study of 970 healthy children, PWV measured between the brachium and ankle using a plethysmographic method was associated with increased age, BP, and heart rate but not BMI. 11 The discrepancy in results between studies may be attributable to differences in the methodology for the assessment of PWV. Although carotid-femoral PWV is a measure of central aortic stiffness, radial-and brachial-femoral PWV also incorporate the measurement of peripheral arterial stiffness, which is strongly influenced by factors that affect smooth muscle tone.
Although the mechanisms whereby increased adiposity may promote arterial stiffening are unable to be determined using our cross-sectional data, several possibilities exist. Increased BMI and adiposity are accompanied by increases in heart rate, 16 BP, 17 and intermediary CV metabolic risk factors such as insulin resistance, 18 dyslipidemia, 19 and inflammation. 20 Such factors may mediate alterations in arterial function. Furthermore, proximate risk factors such as physical inactivity may be associated with both an increase in adiposity and increased arterial stiffness. In the present study, we have confirmed a positive association between these factors and PWV; however, only the relationship between increased adiposity and PWV remained after adjustment for these potential confounders.
Endothelial dysfunction, which may occur early in the course of atherosclerosis and during childhood, 21 is a potential mechanism underlying the interrelationships among adiposity, physical activity, and increased arterial stiffness. Several studies have documented a relationship between obesity or physical activity and endothelial dysfunction in adults 22, 23 and children. 24 Obesity-related decrease in adiponectin 25 and increases in inflammatory cytokines derived from adipose tissue, such as interleukin 6 and tumor necrosis factor ␣, may be involved in the development of endothelial dysfunction. 26 In children, insulin resistance has been shown to be related to endothelial dysfunction, 24 although the relationship between insulin resistance and PWV in childhood is yet to be determined. In the present study, the positive relationship between insulin resistance and PWV was attenuated by body mass and adiposity. These findings may simply reflect the intermediary role of insulin resistance in the relationship between adiposity and arterial stiffness. It is also possible that the period of exposure to insulin resistance may not be sufficient in prepubescent children to affect an increase in central arterial stiffness, because it has been shown that the incidence of insulin resistance increases greatly after puberty. 27 Although our findings show an attenuation of the effects of physical activity and CRF on PWV when statistically adjusting for body mass or adiposity, these results should be considered within the context of our methodology. In particular, we do not wish to imply that body mass and adiposity are more important than physical activity or CRF as determinants of arterial stiffness. CRF, as determined by a shuttle run, and physical activity, as assessed by pedometer counts, are not simple constructs, are prone to considerable variability over short periods, and are more likely to be influenced by external factors, such as compliance and motivation of the children to complete the assessment. Accordingly, it is possible that the attenuation of the effects of physical activity and CRF on PWV in the present study is attributable to lower face validity and higher measurement error of these parameters when compared with the indexes of adiposity that were used in the study.
In this cross-sectional study, we were unable to determine the causal mechanisms underlying the relationship among physical activity, adiposity, and increased PWV. We have observed that adiposity, physical activity, and clinical/metabolic factors only account for a small proportion of the variability in PWV in healthy children. We hypothesize that, at such an early stage of life, the effects of genetic factors are likely to predominate, although this requires confirmation in other studies. Because the majority of our study population was white, and all of the subjects were of the same birth cohort, our results may not be generalizable to children of other ethnic/racial groups or ages. In addition, although the limited range in age of the children facilitated effective analyses within this age group, we were unable to assess the influence of age on the relationship between adiposity and PWV. We acknowledge the potential for increased abdominal girth to overestimate true carotid-femoral path length and, consequently, to systematically overestimate PWV and, therefore, bias the relationship between adiposity and PWV. However, we have confirmed that the BMI-PWV and %BF-PWV relationships are independent of WC. 
Perspectives
Our observation that increased body mass and adiposity and decreased CRF are associated with arterial stiffening at an early age has important public health and clinical implications. First, it supports the adoption of population-level strategies directed at the prevention of childhood overweight and obesity through the promotion of lifestyle measures, including increased physical activity, CRF, and dietary modification. Second, PWV may represent a marker of subclinical arterial disease and CV risk, which is easily measured and could be subsequently used to target preventative measures at children at high risk. Although weight loss has been shown to improve obesity-related vascular dysfunction, such as arterial compliance, 28 carotid arterial distensibility, 29 and endothelial function, 30 further studies are required to evaluate whether public health efforts to promote physical activity and weight loss in children will reduce arterial stiffness, attenuate the progression of subclinical CV disease, and prevent the development of subsequent CV events in the community.
